ABSTRACT The energy storage and the molecular rearrangements due to the primary photochemical event in rhodopsin are investigated by using quantum mechanics/molecular mechanics hybrid methods in conjunction with high-resolution structural data of bovine visual rhodopsin. The analysis of the reactant and product molecular structures reveals the energy storage mechanism as determined by the detailed molecular rearrangements of the retinyl chromophore, including rotation of the f(C11-C12) dihedral angle from ÿ11°in the 11-cis isomer to ÿ161°in the all-trans product, where the preferential sense of rotation is determined by the steric interactions between Ala-117 and the polyene chain at the C13 position, torsion of the polyene chain due to steric constraints in the binding pocket, and stretching of the salt bridge between the protonated Schiff base and the Glu-113 counterion by reorientation of the polarized bonds that localize the net positive charge at the Schiff-base linkage. The energy storage, computed at the ONIOM electronic-embedding approach (B3LYP/6-31G*:AMBER) level of theory and the S 0 / S 1 electronic-excitation energies for the dark and product states, obtained at the ONIOM electronic-embedding approach (TD-B3LYP/6-31G*//B3LYP/6-31G*:AMBER) level of theory, are in very good agreement with experimental data. These results are particularly relevant to the development of a first-principles understanding of the structure-function relations in prototypical G-protein-coupled receptors.
INTRODUCTION
Understanding the structure-function relationship of G-protein-coupled receptors (GPCRs) at the detailed molecular level is a subject of great interest, since GPCRs are the central components of a variety of biological signal transmission pathways (Ji et al., 1998; Gether and Kobilka, 1998; Marinissen and Gutkind, 2001 ). The membrane glycoprotein rhodopsin is a prototypical GPCR present in the rod cells of the retina (Meng and Bourne, 2001; Hamm, 2001) , responsible for turning on the signaling transmission cascade in the vertebrate vision process (Ebrey and Koutalos, 2001; Menon et al., 2001; Okada et al., 2001) . Rhodopsin is composed of a bundle of seven transmembrane a-helices surrounding the covalently bound retinyl chromophore. The chromophore is the protonated Schiff base of 11-cis-retinal, which isomerizes to the all-trans form during the primary event (Goldschmidt et al., 1976; Honig, 1978; Birge, 1981) after photoexcitation of the system (see Fig. 1 ). The reaction produces bathorhodopsin in the ground-electronic state, with a high quantum yield (;0.67) that is wavelength-dependent (Schoenlein et al., 1991; Wang et al., 1994) within 200 fs, making it one of the fastest and most efficient photoreactions in nature (Ji et al., 1998; Gether and Kobilka, 1998; Marinissen and Gutkind, 2001 ). The formation of product bathorhodopsin is endothermic and stores ;50% of the photon energy (Honig et al., 1979; Cooper, 1979a,b; Shick et al., 1987) . The stored energy is subsequently used to promote thermal reactions in the protein bleaching sequence and in the subsequent transducin cycle.
The detailed molecular mechanism responsible for the storage of the photon energy through photoisomerization of the retinyl chromophore in rhodopsin has been the subject of intense research and remains an open problem (Kim et al., 2003; Furutani et al., 2003; Ferre and Olivucci, 2003; Rohrig et al., 2002; Birge, 2001; Kandori et al., 2001; Sugihara et al., 2002a; Ben-Nun et al., 2002; Gonzalez-Luque et al., 2000; Blomgren and Larsson, 2003) . Intriguingly, the isomerization of the 11-cis retinal in solutions is much slower (e.g., involves a 10-ps reaction time in methanol, see Kandori et al., 1995) and has a much lower efficiency (e.g., quantum yield ;0.2, independent of wavelength in at least four different solvents, see Becker and Freedman, 1985) . Furthermore, the wavelength of maximum absorbance of the retinyl chromophore in rhodopsin is significantly shifted relative to the absorption of retinal in solutions and approximately coincides with the wavelength of maximum intensity of the solar spectrum (;500 nm). These findings suggest that the molecular environment in rhodopsin has been highly optimized by natural selection for absorption of visible light and energy storage through photoisomerization of the retinyl chromophore. For many years, however, progress in understanding the influence of the protein environment on the reaction speed and efficiency has been hindered by the lack of high-resolution structural data.
Theoretical studies of the primary photochemical event in rhodopsin have a long history (Warshel and Karplus, 1974; Warshel, 1976; Weiss and Warshel, 1979; Warshel and Barboy, 1982; Birge and Hubbard, 1980; Tallent et al., 1992) . Most of them were performed much before the crystallographic structure of rhodopsin was available. The pioneer studies by Warshel and co-workers (Warshel, 1976; Weiss and Warshel, 1979; Warshel and Barboy, 1982) were based on the semiempirical QCFF/PI method for the description of the chromophore and a simplified representation of the protein-chromophore interaction based on a surface of closed-packed spheres described by a model potential with adjustable parameters. More recently, the QCFF/PI surfaces have been recalibrated (Warshel and Chu, 2001) to reproduce the trend of ab initio studies for the isolated chromophore (Vreven et al., 1997; Garavelli et al., 1998) but applied only in studies of bacteriorhodopsin (Warshel and Chu, 2001 ). Birge and co-workers (Birge and Hubbard, 1980; Tallent et al., 1992) have implemented MNDO/AM1 and INDO-PSDCI procedures and have described the photoisomerization dynamics in terms of a one-dimensional potential model with an arbitrary rate constant for the dissipation of the internal energy. These early theoretical studies proposed energy storage mechanisms based on a mixture of charge separation and protein strain (Birge and Hubbard, 1980; Warshel and Barboy, 1982) as alternatives to the existing charge separation models (Rosenfeld et al., 1977; Honig et al., 1979) . However, rigorous calculations of the strain and electrostatic contributions have not been possible since the protein structure was not known.
The recently reported x-ray crystal structures of bovine rhodopsin (Palczewski et al., 2000; Teller et al., 2001; Okada et al., 2002) , although at a resolution of 2.6-2.8 Å , have already motivated theoretical studies that focused on the analysis of the geometry and electronic excitation energy of the S 0 / S 1 transition of the retinyl chromophore. These studies have included density-functional theory calculations based on the self-consistent-charge tight-binding approximation (Sugihara et al., 2002a,b) , classical molecular dynamics simulations (Rohrig et al., 2002) , ab initio restricted-Hartree-Fock calculations of reduced-model systems (Yamada et al., 2002) , and quantum mechanics/ molecular mechanics computations at the CASPT2// CASSCF/AMBER level of theory (Ferre and Olivucci, 2003) . In particular, the ab initio studies provided a rigorous description of the chromophore in the dark state. However, the detailed conformational changes responsible for the storage of energy through 11-cis/all-trans isomerization still remain largely elusive to first-principles examinations.
In this article, two-layer quantum mechanics/molecular mechanics (molecular orbitals: molecular mechanics) hybrid methods (QM/MM(MO:MM) are used to describe the retinyl chromophore rearrangements due to the 11-cis/all-trans isomerization as influenced by the relaxation of the surrounding protein environment. This study includes an explicit treatment of the protein environment and assumes that the formation of the product bathorhodopsin involves complete relaxation of both nuclear and electronic degrees of freedom, after isomerization of the retinyl chromophore. This assumption is subsequently validated by comparing the energy storage, predicted at the ONIOM electronic-embedding approach (ONIOM-EE) (B3LYP/6-31G*:AMBER) level of theory, to the corresponding values obtained by calorimetry. Furthermore, the electronic excitation energies for the dark and isomerization product states are computed at the ONIOM-EE (TD-B3LYP/6-31G*:AMBER) level of theory and compared to the corresponding experimental values. It is important to note that the studies reported in this article are only focused on the analysis of relaxed molecular structures for reactants and products in the ground electronic state, obtained under the assumption that the protein relaxation occurs only after isomerization of the retinyl chromophore is complete (i.e., the protein relaxation time is much longer than the 200-fs reaction time). A description of intermediate structures, however, would require modeling the photoexcitation and excited state non-adiabatic processes in vibronically coupled potential energy surfaces. These processes have been the subject of recent studies in reduced dimensional model systems (Vreven et al., 1997; Garavelli et al., 1998 Garavelli et al., , 1999 Ben-Nun and Martinez, 1998; La Penna et al., 1998; Molteni et al., 1999; Hahn and Stock, 2000; Flores and Batista, 2004) although the complete description of reaction dynamics with an explicit treatment of the protein environment has yet to be reported.
The specific two-layer QM/MM(MO:MM) hybrid method applied in this article is the ONIOM hybrid approach (Maseras and Morokuma, 1995; Svensson et al., 1996; Humbel et al., 1996; Dapprich et al., 1999; Vreven and Morokuma, 2000a; Vreven et al., 2001) as implemented in the Gaussian package (Frisch et al., 2003) , which has been extensively tested against the standard complete active-space self-consistent field (CASSCF) method. It has been demonstrated that ONIOM can accurately reproduce the standard CASSCF(10e/10o) (i.e., 10 active electrons in 10 orbitals) results for the first singlet excited state (S 1 ) photoisomerization pathways in protonated Schiff bases (Vreven and Morokuma, 2000b) and S 0 / S 1 vertical excitation in bacteriorhodopsin (Vreven and Morokuma, 2003) . The computational results reported in this article show direct evidence of molecular rearrangements responsible for storage of ;50% of the photon energy through isomerization of the retinyl chromophore, the molecular origin of a preferential sense of rotation of the f(C11-C12) dihedral angle, and the detailed chromophore-protein interactions responsible for energy storage. These results are particularly relevant to the development of a first-principles understanding of the structure-function relationship of G-proteincoupled receptors at the molecular level.
The article is organized as follows. The section titled Structural Models describes the preparation of the system. The sections titled ONIOM Hybrid Methods and Reaction Path outline the computational approach, including a description of the ONIOM hybrid methods and the optimization approach implemented for computing intermediate structures along the reaction pathway after electronic and partial-nuclear relaxation. The section titled Structural Integrity addresses the structural integrity of the computational approach. Results are presented next, as organized in five subsections: Energy Storage reports QM/MM(MO:MM) results for the reaction energetics, including the computations of the energy storage and its comparison to experimental values; Molecular Rearrangements discusses the underlying molecular changes due to 11-cis/all-trans isomerization; Chromophore-Protein Interactions addresses the detailed interactions responsible for the energy storage mechanism; and finally, Electronic Excitations reports the electronic excitations for rhodopsin and bathorhodopsin as well as a comparison with the corresponding experimental values. Last section summarizes our findings.
METHODS

Structural models
The computational models investigated in this article are based on the refinement of the crystal structure of bovine rhodopsin (Protein Data Bank, i.e., PDB, accession code 1F88, monomer A), solved at 2.8 Å resolution (Palczewski et al., 2000) . Model systems based on the crystal structure with PDB accession code 1L9H, monomer A, solved at 2.6 Å resolution (Okada et al., 2002) , have also been prepared. A crucial difference between the two crystal structures is the observation of two water molecules next to the retinyl chromophore in the 1L9H structure, which are not observed at the lower resolution. Our calculations show that these two molecules are very important in the stabilization of the chromophore since they are bound within the cavity by a hydrogen-bond network that extends from Glu-181 to Glu-113, next to the Schiff-base linkage. Such a hydrogen-bond network is consistent with a recently postulated proton-transfer mechanism in a subsequent step of the photobleaching sequence (Birge and Knox, 2003; Yan et al., 2003) . These two water molecules are therefore included in our computational models.
Starting from the 1F88 PDB crystal structures, hydrogen atoms are added by using the molecular modeling program TINKER (Ponder, 2001) . The protonation of all titratable groups is standard. The rhodopsin cavity is set neutral, consistent with experiments (Fahmy et al., 1993) . The Schiff-based linkage between Lys-296 and the chromophore bears a net positive charge NH 1 , compensated by the Glu-113 counterion (forming a salt bridge; Sakmar et al., 1989; Zhukovsky and Oprian, 1989) . Amino acids Glu-122, Asp-83, and Glu-181, within the protein core, are assumed to be neutral as indicated by FTIR experiments (Fahmy et al., 1993) and UV-vis spectroscopic measurements of site-directed mutants (Yan et al., 2002) . Finally, the regular ends of the protein and the artificial ends due to the missing or incomplete amino acids from the x-ray structures in the third cytoplasmic loop (236-239) and in the C-terminal tail (328-348) are capped with NH 
ONIOM hybrid methods
The QM/MM(MO:MM) calculations reported in this article are based on the ONIOM two-layer hydrogen link-atom scheme (Maseras and Morokuma, 1995; Svensson et al., 1996; Humbel et al., 1996; Dapprich et al., 1999; Morokuma, 2000a, 2003; Vreven et al., 2001 ). The full system of 5170 atoms is partitioned into two layers by placing a frontier at the C d -C e bond of the Lys-296 side chain (i.e., two bonds beyond the C-NH 1 linkage). The quantum-mechanical (QM) layer corresponds to a reduced system with 54 atoms, including 48 atoms of the retinyl chromophore, five atoms of Lys-296 (NH 1 ,CH 2 ), and a link hydrogen atom that saturates the extra valence of the terminal -C-H 2 at the boundary. The molecular-mechanics (MM) layer corresponds to the remainder of the protein. For the sake of comparison, model systems were also prepared with the frontier displaced by an additional bond (i.e., including the C d -C e bond of the Lys-296 side chain in the reduced system) and no significant differences were observed in any of the results. The total energy E of the system can be obtained according to the socalled ONIOM molecular-embedding (ONIOM-ME) approach from three independent calculations,
where E MM,full is the energy of the full system computed at the molecularmechanics level of theory, including the electrostatic interaction between all atomic charges; E QM,red is the energy of the reduced system computed at the quantum-mechanics level of theory; andẼ E MM;red is the energy of the reduced system computed at the molecular-mechanics (MM) level of theory. Therefore, according to Eq. 1 the electrostatic interactions between the two layers are considered at the MM level of theory, where the polarization of the reduced system due to the influence of the protein environment is completely neglected.
To include the polarization of the reduced system in the description of the reaction energetics, the so-called ONIOM electronic-embedding approach (ONIOM-EE) is used. The method is also based on the three independent calculations introduced in Eq. 1 but, contrary to the ONIOM-MM method, it includes the electrostatic interactions between the two layers in the calculation of both E QM,red andẼ E MM;red . Therefore, the electrostatic interactions included at the MM level in both theẼ E MM;red andẼ E MM;full terms cancel; and the resulting energy description includes the polarization of the reduced system induced by the surrounding protein environment. All calculations reported in this article involve a description of the MM layer as modeled by the standard AMBER force field (Cornell et al., 1995) setting to zero the charges of atoms closer than four bonds from any atom in the reduced system to avoid overpolarization of the reduced system. This approximation is subsequently validated in terms of the analysis of electrostatic chromophore-protein interactions (see Chromophore-Protein Interactions, below). The distribution of atomic charges in the retinyl chromophore is based on the electrostatic-potential (ESP) atomic charges, obtained at the ONIOM-EE (B3LYP/6-31G*:AMBER) level of theory.
The S 0 / S 1 electronic-excitation energies are computed at the timedependent density-functional theory ONIOM-EE (TD-B3LYP/6-31G*: AMBER) level of theory (Stratmann et al., 1998 ) (i.e., the ONIOM-EE (TD-B3LYP/6-31G*:AMBER) level of theory after geometry optimization of the complete system at the ONIOM-EE (B3LYP/6-31G*:AMBER) level). Full geometry optimizations are carried out with the Gaussian 03 (Frisch et al., 2003) and Tinker programs (Ponder, 2001) , without boundary conditions or inclusion of solvent.
Structural integrity
To validate the structural integrity of the computational approach implemented in this article, Fig. 2 quantifies the deviations between the rhodopsin molecular structure optimized at the ONIOM-EE (B3LYP/ 6-31G*:AMBER) level of theory and the x-ray crystallographic structure. Structure optimization was done in vacuo. Despite this approximation, geometry minimization does not result in any significant structural change around the active site of this membrane-bound protein, probably due to the fact that the retinyl chromophore is surrounded by a robust structure of seven transmembrane a-helices.
The comparison includes the C-a atoms located within a 20 Å radius from each atom of the retinyl chromophore and the Schiff-based linkage to Lys-296, a region that accounts for ;70% of the whole protein. Floppy side chains and residues beyond the 20 Å radius were excluded to facilitate the comparison. Fig. 2 shows that the RMS ;0.83 Å , with deviations larger than twice the RMS for only 4% of the atoms (all of them located at ;15 Å from the chromophore). In addition, Fig. 2 shows that the residues with predominant interactions with the retinyl chromophore, including Glu-113, Lys-296, and Ala-117, have even smaller deviations from their corresponding coordinates in the crystal x-ray structure (e.g., Glu-113, RMS ;0.66 Å ; Lys-296, RMS ;0.64 Å ; Ala-292, RMS ;0.52 Å ; and the chromophore, RMS ;0.22 Å ). Therefore, Fig. 2 indicates that the molecular structure obtained by geometry optimization at the ONIOM-EE (B3LYP/6-31G*:AMBER) level of theory is in good agreement with the experimental x-ray crystal structure despite the negligence of the environment beyond the protein (including the solvent and the lipid bilayer) and the missing aminoacid fragments in the third cytoplasmic loop. The observed robustness of the molecular structure is probably due to the intrinsic stability of the seven transmembrane helical bundle that surrounds the covalently bound retinyl chromophore. The small deviations of the ab initio coordinates relative to the crystallographic data also suggest that higher resolution structures should have very similar coordinates, at least for the C-a backbone within 20 Å from the retinyl chromophore.
Reaction path
To investigate the molecular rearrangements due to the primary photochemical event, it is assumed that the isomerization dynamics of the retinyl chromophore is much faster than protein relaxation. This assumption is consistent with the experimental 200-fs reaction time (Schoenlein et al., 1991; Wang et al., 1994) as well as with the observation that the isomerization coordinate is mainly coupled to the vibrational modes of the retinyl chromophore (Lin et al., 1998) . It is also assumed that the molecular structure of the all-trans retinyl chromophore in the ground-electronic state, produced by the underlying curve-crossing dynamics after photoexcitation of the system, relaxes to the same minimum energy configuration as the system where the retinyl chromophore is isomerized along the ground-state minimum-energy path (MEP) subject to the constraint of fixed protein environment. These two simplifying assumptions allow the implementation of a practical computational approach to obtain the relaxed molecular structure of the product bathorhodopsin. The method involves full-geometry relaxation of the complete system in the ground electronic state, after 11-cis/ all-trans isomerization of the retinyl chromophore along the ground-state MEP defined by a fixed protein environment.
The protein binding pocket imposes steric constraints over molecular rearrangements associated with the 11-cis/all-trans isomerization of the retinyl chromophore. The analysis of the rhodopsin molecular structure, obtained by full geometry optimization at the ONIOM-EE (B3LYP/6-31G*:AMBER) level, reveals that Ala-117 sterically hinders the rotation of the f(C11-C12) dihedral angle toward positive angles. These steric interactions establish a negative sense of rotation followed upon photoisomerization-i.e., clockwise rotation of the f(C11-C12) dihedral angle around the rotational axis defined by the C11-C12 vector (see Fig. 3 ). The steric constraints imposed by Ala-117 are also responsible for an initial ÿ10°t wist of the f(C11-C12) dihedral angle in the reactant molecular structure reported in Molecular Rearrangements, below. Other steric constraints for chromophore rearrangements in the rhodopsin binding pocket are responsible for blocking the motion of the b-ionone ring during isomerization, inducing torsional strain in the polyene chain. This computational model for retinyl chromophore isomerization in rhodopsin is consistent with recent experimental studies of circular dichroism (CD) (Fukuda et al., 1984; Ito et al., 1992) , ab initio calculations of the CD spectrum (Buss, 2001) , and molecular dynamics simulations (Sugihara et al., 2002a,b; Saam et al., 2002) .
The optimized molecular structure of bathorhodopsin is obtained according to the following schemes:
AMBER-MM optimization. Starting from the molecular structure of rhodopsin, prepared as described in Structural Models, and fully optimized as described in ONIOM Hybrid Methods, intermediate structures along the ground-state MEP are generated by geometry optimization subject to the constraints of fixed f(C11-C12) dihedral angle and protein environment, after incrementally rotating f(C11-C12) in the 0°to ÿ180°range. During this first part of the bathorhodopsin preparation, the geometry optimization is implemented at the AMBER-MM level of theory allowing relaxation of all degrees of freedom of the retinyl chromophore, the bound-water molecules, and 20 atoms more beyond the Schiff-based linkage to Lys-296. A realistic description of chromophore-protein electrostatic interactions is implemented by self-consistently updating the atomic charges in the retinyl chromophore according to the electrostatic potential obtained at the ONIOM-EE level of theory. The underlying self-consistent approach is initialized in terms of the ESP atomic charges obtained in a previously optimized molecular structure and iterated until convergence, which is usually reached within four iterations. ONIOM-EE optimization. The unrelaxed bathorhodopsin product obtained according to the AMBER-MM optimization is then fully optimized at the ONIOM-EE (B3LYP/6-31G*:AMBER) level of theory, including the retinyl chromophore, bound water molecules, and all residues within a 20 Å radius from the chromophore.
The energy storage due to 11-cis/all-trans isomerization is computed in terms of the energy difference between the minimum energy structures of rhodopsin and bathorhodopsin, obtained at the ONIOM-EE (B3LYP/ 6-31G*:AMBER) level of theory. These structures also provide the S 0 / S 1 vertical excitations that are obtained at the ONIOM-EE (TD-B3LYP/ 6-31G*:AMBER) level of theory. Table 1 presents the computational results of energy storage, due to 11-cis/all-trans isomerization in rhodopsin, as predicted by the ONIOM-EE(B3LYP/6-31G*:AMBER) level of theory and the comparison to the theoretical predictions to experimental measurements. Table 1 also presents the decomposition of the total energy storage into electrostatic, bonded, and Van der Waals energy contributions. The computed energy stored is 34 kcal/mol. This result is in excellent agreement with calorimetry measurements, reported in the 32-35 kcal/mol energy range (Cooper, 1979a,b; Shick et al., 1987) . The decomposition of the total energy storage, presented in Table 1 , shows that 50% of the storage energy is due to electrostatic interactions, 32% is due to strain energy, and the remaining 18% corresponds to Van der Waals interactions. The energy storage decomposition has been computed at the ONIOM-EE (B3LYP/ 6-31G*:AMBER) level by setting to zero the corresponding term in the expression of the total energy of the system (e.g., switching to zero the atomic charges, the Van der Waals interactions, etc.). To elucidate the molecular origin of the individual contributions to the energy storage, the following section analyzes the underlying molecular rearrangements due to 11-cis/all-trans isomerization in rhodopsin. Fig. 4 shows the underlying conformational changes due to the 11-cis/all-trans isomerization in rhodopsin. The top and bottom panels show the molecular structure for the 11-cis reactant and the all-trans product, respectively, optimized at the ONIOM-EE (B3LYP/6-31G*:AMBER) level of theory. The isomerization reaction changes the f(C11-C12) dihedral angle (highlighted in magenta) from ÿ11°in the 11-cis isomer to ÿ161°in the all-trans isomer, where the negative sense of rotation is determined by the steric Van der Waals interactions between Ala-117 and the polyene chain at the C13 position. Note that the b-ionone ring, the Schiff linkage (highlighted in blue), and the protein chain beyond the linkage (highlighted in gray) remain mostly undisplaced after isomerization of the retinyl chromophore. The steric constraints, responsible for blocking the displacement of the chromophore in the cavity and the rotation of the b-ionone ring, for the molecular structure beyond the Schiff linkage induce strain and torsion of the bonds at the Schiff-based linkage due to a reorientation of the C13-methyl substituent group. These results for molecular rearrangements predicted at the ONIOM-EE (B3LYP/6-31G*:AMBER) level of theory partially agree with classical predictions based on steered molecular dynamics simulations (Saam et al., 2002) . Table 2 describes a quantitative analysis of the detailed molecular rearrangements along the chromophore polyene chain, including torsions that range from C6 to C d in the Lys-296 side chain. The comparative analysis of dihedral angles, reported in Table 2 , indicates that the polyene chain in the product all-trans isomer is significantly bent and twisted, with out-of-the-plane distortions .20°in the dihedral angles along the C9-C10, C12-C13, C14-C15, and C15-NH 1 chromophore bonds. Fig. 5 shows the superposition of the optimized molecular structures for the reactant 11-cis rhodopsin (brown) and the product all-trans bathorhodopsin (white). The molecular superposition indicates that the most significant rearrangements due to the 11-cis/all-trans isomerization are localized within the retinyl chromophore and the Schiff linkage. Fig. 5 shows that the constraints for molecular rearrangements in the rhodopsin binding pocket are due to the steric interactions at both ends of the retinyl chromophore, including motion restrictions due to interactions between the three methyl-substituent groups in the b-ionone ring and the surrounding residues, and the almost 90°turn of the protein backbone at the C-a atom of Lys-296 right beyond the Schiff linkage. These constraints are responsible for fixing both ends of the chromophore during the isomerization reactions, inducing torsional structural rearrangements in the polyene chain that extends from C6 to the Schiff linkage. Furthermore, Fig. 5 shows that the 11-cis/all-trans isomerization induces a reorientation of the C13-methyl substituent group and the consequent torsion of the polyene chain at the protonated NH 1 Schiff-based linkage to Lys-296. The linkage torsion induces a reorientation of polarized bonds, including the C15-H and N-H 1 bonds with partial positive charges on the H atoms (Fig. 6) . Note that the polarized bonds NH 1 and C15H are rotated in the all-trans bathorhodopsin isomer, relative to their corresponding orientations in the reactant 11-cis rhodopsin. The analysis of ESP atomic charges indicates that these two polarized bonds account for most of the net positive charge at the linkage. Therefore, due to the reorientation of polarized bonds, the net positive charge of retinyl chromophore is farther away from the Glu-113 counterion in bathorhodopsin than in rhodopsin, even when the linkage itself remains in place. The molecular rearrangements described in Figs. 4-6 and Table 2 indicate that the 11-cis/all-trans isomerization reaction produces a highly distorted all-trans retinyl chromo- 
RESULTS
Energy storage
Molecular rearrangements
FIGURE 5 Superposition of molecular structures of 11-cis rhodopsin (brown) and all-trans bathorhodopsin (white), optimized at the ONIOM-EE (B3LYP/6-31G*:AMBER) level of theory. The protein chain beyond the Schiff linkage is represented by gray tubes, the Schiff linkage is highlighted in blue and the C11-C12 bond in magenta.
phore (e.g., significantly bent and twisted, relative to the linear molecular structure of the all-trans retinal isomer in the gas phase). Therefore, although the seven transmembrane helical bundle isolates the retinyl chromophore from interactions with the solvent, the 11-cis/all-trans isomerization reaction does not proceed in the usual sense as expected in the gas phase. In contrast to the analogous isomerization reaction in the gas phase, significant distortions are necessary to fit the isomerized retinyl in the binding pocket. The underlying molecular rearrangements predicted by the ONIOM-EE (B3LYP/6-31G*:AMBER) level of theory can be compared to the molecular rearrangements in the ''bicycle-pedal'' pathway proposed (Warshel, 1976) and refined (Warshel and Barboy, 1982) by Warshel and coworkers before the rhodopsin crystal structure was available, where the 180°rotation around the C11-C12 bond is compensated by a 40°twist around the C9-C10 and C15-N bonds. As described earlier in this section, the ONIOM-EE (B3LYP/6-31G*:AMBER) level of theory predicts that the isomerization reaction involves a 150°rotation around the C11-C12 bond, compensated by distortions larger than 20°i n the dihedral angles along the C9-C10, C12-C13, C14-C15, and C15-NH 1 bonds. Remarkably, however, the larger distortions predicted by the ONIOM-EE (B3LYP/ 6-31G*:AMBER) level of theory correspond approximately to 30°twists around the C9-C10, C14-C15, and C15-N bonds, in partial agreement with the bicycle-pedal model. The torsion around the C15-N bond, however, is crucial for the reorientation of polarized bonds responsible for the storage of electrostatic energy.
Chromophore-protein interactions
The molecular rearrangements described in the previous section indicate that the storage of strain energy is due to the highly distorted conformation of the all-trans retinyl chromophore in bathorhodopsin. In addition, we showed that the isomerization reaction stores 25% of the photon energy in terms of electrostatic energy by moving the positive charge of the Schiff-base linkage away from the negatively charged Glu-113 counterion. At this point, it is important to mention that the ONIOM-EE (B3LYP/6-31G*:AMBER) level of theory predicts almost identical ESP atomic charges for the protonated Schiff-based retinyl chromophore in 11-cis rhodopsin or all-trans bathorhodopsin. Therefore, the electrostatic contribution to the total energy storage due to changes in atomic charges within the polyene chain is negligible. In contrast, the reorientation of the polarized bonds C15-H and N-H 1 accounts for a significant electrostatic contribution due to the displacement of the net positive charge relative to the Glu-113 counterion. Since the charge separation mechanism is solely based on rotation of the polarized bonds C15-H and N-H 1 , with only a minor displacement of the C15-N linkage itself relative to the Glu-113 counterion, the predicted molecular rearrangements responsible for storage of electrostatic energy is significantly different from charge separation processes that rely upon displacement of the polyene chain linkage, away from the carboxylate counter ion toward a nonpolar environment (Warshel, 1976; Weiss and Warshel, 1979; Honig et al., 1979; Warshel and Barboy, 1982) .
As mentioned in a previous section, the energy storage is largely due to electrostatic contributions, which account for 50% of the total storage. Although the predominant electrostatic contribution to the energy storage results from stretching of the salt bridge formed by the Schiff linkage and the Glu-113 counterion, other polar residues in the binding pocket also have significant contributions and participate in the energy storage mechanism. To analyze the electrostatic contribution of individual residues, the energy storage has been recomputed at the ONIOM-EE (B3LYP/6-31G*:AM-BER) level of theory after switching off the atomic charges of all residues except for the residue of interest. This analysis of individual contributions has been systematically applied to all residues and bound-water molecules in the system. Fig.  7 shows the quantitative analysis of electrostatic contributions of individual residues to the total energy storage. Note that the predominant electrostatic contributions to the total FIGURE 6 Superposition of rhodopsin (brown) and bathorhodopsin (white) molecular structure at the Schiff linkage, including the explicit visualization of the distribution of surrounding residues responsible for the most significant electrostatic contributions to the total energy storage (see Fig. 7 ). The protein chain beyond the Schiff linkage is represented by gray tubes and the Schiff linkage is highlighted in blue. The red-dashed arrows indicate the reorientation of polarized bonds in the retinyl chromophore, responsible for the displacement of the net positive charge at the linkage relative to the Glu-113 counterion, including the N-H 1 and C15-H bonds (only the hydrogen atoms of these two bonds are represented by white spheres). The negative charge density is highlighted in blue.
energy storage result from the interactions between the retinyl chromophore and a few highly conserved polar residues in the rhodopsin binding pocket, including Glu-113, Ser-186, Ala-117, and also Wat2b. Fig. 7 also indicates that the largest electrostatic contribution to the energy storage indeed results from the separation of positive charge from the Glu-113 counterion. In addition, Fig. 7 shows that the electrostatic interactions due to Ala-117, Ser-186, and Wat2b stabilize the product bathorhodopsin relative to reactant 11-cis rhodopsin and therefore reduce the total energy storage. In contrast, the electrostatic interactions due to Glu-113, Cys-187, and Ala-292 are responsible for increasing the total energy storage. These important residues are spatially distributed in the rhodopsin binding pocket as displayed in Fig. 6 , where the distribution of negative charge density is highlighted in blue. Table 3 reports S 0 / S 1 vertical electronic-excitation energies, computed at the ONIOM-EE (TD-B3LYP/ 6-31G*:AMBER) level of theory, for the molecular structures of 11-cis rhodopsin and all-trans bathorhodopsin optimized at the ONIOM-EE (B3LYP/6-31G*:AMBER) level of theory. In addition, Table 3 compares the S 0 / S 1 vertical electronic-excitation energies computed at the ONIOM-EE (TD-B3LYP//B3LYP/6-31G*:AMBER) level of theory to the corresponding experimental values. Furthermore, Table 3 compares the S 0 / S 1 electronic excitation of 11-cis rhodopsin to recently reported QM/MM (CASPT2//CASSCF/6-31G*:AMBER) calculations by Ferre and Olivucci (2003) . It is shown that the ONIOM-EE (TD-B3LYP//B3LYP/6-31G*:AMBER) level of theory predicts vertical excitation energies 59.4 kcal/mol and 59.0 kcal/mol for rhodopsin and bathorhodopsin, respectively, in very good agreement with the corresponding experimental values. For the sake of completeness, Table 3 also reports the vertical excitation energy for retinal in methanol as obtained in terms of an implicit solvent model at the B3LYP/6-31G* level of theory (Foresman et al., 1996) . The predicted opsin shift, defined as the vertical excitation energy shift for the chromophore in solution and inside the protein, is only in good qualitative agreement with experimental measurements probably due to the simplifying approximation inherent in the implicit solvent model. It is important to note that although all of these QM/MM studies have considered the polarization of the reduced system, the self-consistent polarization of the protein environment has been neglected. Considering that electrostatic contributions constitute a significant percentage of the overall chromophore-protein interactions, such an approximation can be partially responsible for the observed 3% and 9% errors observed in the calculations of vertical excitations in rhodopsin and bathorhodopsin, respectively (Houjou et al., 2001) . A complete study of the influence of the self-consistent protein polarization on the chromophore electronic excitation energies is the subject of work in progress in our group.
Electronic excitations
CONCLUSIONS
We have implemented a practical computational method that combines QM/MM(MO:MM) hybrid methods with highresolution structural data of bovine rhodopsin to investigate the primary photochemical event in vision. The approach is based on two fundamental assumptions, partially validated by the favorable comparison of predicted storage energy with the corresponding calorimetry measurements. First, it is assumed that the 11-cis/all-trans isomerization of the retinyl chromophore in rhodopsin is much faster than the protein relaxation. Second, it is assumed that the bathorhodopsin molecular structure formed in the ground electronic state as a result of photoexcitation and subsequent excited state curve-crossing processes relaxes to the same minimum energy configuration as the system with the retinyl chromophore isomerized along the ground-state MEP with a fixed protein environment. Anarboldi et al. (1979) .
The analysis of the relaxed molecular structures of rhodopsin and bathorhodopsin have revealed the detailed molecular rearrangements of the retinyl chromophore in the rhodopsin binding pocket environment; the preferential rotational direction of the f(C11-C12) dihedral angle; and the detailed chromophore-protein interactions responsible for both the initial rotational torque and the energy storage mechanism.
We have predicted that the f(C11-C12) dihedral angle changes from ÿ11°in the 11-cis isomer to ÿ161°in the alltrans isomer. The preferential sense of rotation of f(C11-C12) is along the direction of increasingly negative angles, since the rotation in the opposite direction is hindered by the steric Van der Waals interactions between Ala-117 and the polyene chain at the C13 position.
We have shown that the all-trans isomer is formed with a twisted and bent polyene chain, due to spatial constraints in the rhodopsin binding pocket, including out-of-the-plane distortions larger than 20°in the dihedral angles along the C9-C10, C12-C13, C14-C15, and C15-NH 1 chromophore bonds. The spatial constraints include the steric interactions of the three methyl-substituent groups of the b-ionone ring with the surrounding residues, the steric interaction of Ala-117 with the polyene chain at the C13 position, and the steric constraints beyond the linkage to Lys-296 due to the almost perpendicular orientation of the protein chain with respect to the C11-C12 rotational axis in the retinyl chromophore.
We have shown that the energy storage predicted at the ONIOM-EE (B3LYP/6-31G*:AMBER) level of theory is 34 kcal/mol (i.e., ;50% of the photon energy), in excellent agreement with experimental measurements (32-35 6 0.9-2.2 kcal/mol) (Cooper, 1979a,b; Shick et al., 1987) . We have shown that 50% of the stored energy is electrostatic, mainly due to stretching of the salt bridge between the protonated Schiff base and the Glu-113 counterion. The remaining 50% of the energy stored is due to the steric constraints of the alltrans isomer in the rhodopsin binding pocket. We have indicated that the salt-bridge stretching mechanism involves solely reorientation of the positively charged polarized bonds due to torsion of the polyene chain at the linkage to Lys-296. Therefore, we have shown that the storage mechanism does not involve any significant displacement of the polyene chain at the Schiff-based linkage relative to the Glu-113 counterion, or redistribution of charges within the chromophore. In addition, we have shown that a hydrogen-bonded water molecule (Wat2b), consistently found by x-ray crystallographic studies, can assist the salt-bridge stretching process by stabilizing the reorientation of positively charged groups.
We have shown that the ONIOM-EE (TD-B3LYP/ 6-31G*//B3LYP/6-31G*:AMBER) level of theory predicts S 0 / S 1 electronic-excitation energies for both the reactant 11-cis rhodopsin and the isomerization product all-trans bathorhodopsin (59.4 kcal/mol and 59.0 kcal/mol, respectively) in very good agreement with the corresponding experimental values (57.4 kcal/mol and 54.0 kcal/mol, respectively). It has also been concluded that due to the importance of electrostatic contributions to the total chromophore-protein interaction, further progress in the description of the system requires addressing the influence of the self-consistent polarization of the protein. The development of a practical approach for including the selfconsistent polarization of the protein, at the ONIOM-EE level of theory, is the subject of work in progress in our research group.
We have demonstrated that the predominant electrostatic contributions to the total energy storage result from the interaction of the protonated Schiff-based retinyl chromophore with three surrounding residues, including the Glu-113, Ser-186, and Ala-117, and also the hydrogen-bonded water molecule Wat2b. These findings suggest that selective artificial mutations of any of these four amino acids could have significant implications on the efficiency of the underlying phototransduction mechanism. This observation also indicates that expanding the reduced 54-atom system to include these important polar residues should account for most of the influence of protein polarization on the primary photochemical event.
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